Design of tensegrity structures for supporting deployable mesh antennas  by Fazli, N. & Abedian, A.
Scientia Iranica B (2011) 18 (5), 1078–1087
Sharif University of Technology
Scientia Iranica
Transactions B: Mechanical Engineering
www.sciencedirect.com
Design of tensegrity structures for supporting deployable mesh
antennas
N. Fazli, A. Abedian ∗
Department of Aerospace Engineering, Sharif University of Technology, Tehran, P.O. Box 11365-8639, Iran
Received 19 October 2010; revised 27 February 2011; accepted 27 June 2011
KEYWORDS
Deployable mesh antenna;
Tensegrity structure;
Micro-satellite;
Structural design.
Abstract This paper is an attempt to develop a design methodology for a special deployable structure
for potential use in micro-satellites. The basic form of this structure is a hexagonal prismatic tensegrity
structure, which, after being rigidified, is used as the supporting structure of a mesh-like antenna. Here,
the objectives of presenting the designmethodology are to prevent structural elements from failure, while
maintaining the structural natural frequency andmesh tension above an intended value and in addition, to
minimize the overall mass. Here, the suggested design strategy combines the need for a behavioral study
(i.e. fast and wide range evaluation) at the beginning of the design, with the goal of an exact optimum
design in the final stages. It is shown that the final design chart possesses a multi-linear behavior, which
could highlight the major effects of internal forces and construction constraints on the design.
© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Deployable structures have been used on small satellites
since the beginning of such space programs. The increasing
capabilities and low cost of micro-satellites make them ideal
tools for new space science missions [1].
A newly introduced concept for future micro-satellite
antennas is a tension truss antenna supported on tensegrity
structures [2–5]. For this kind of antenna, there is a good
proportion between its folded and unfolded volume, and also
it provides valuable precision in the deployed state.
The concept of a tension truss antenna (or simply mesh
antenna) was introduced by Miura [6]. AstroMesh [7,8] and
HALCA [9] are well known examples of this concept, which has
been used in case studies in some recent research work [10,11].
Mesh antennas are broadly investigated to be suitable for
large scale antennas [12,13]. However, this concept could
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in this adaptation is to provide an appropriate supporting
structure. To this end, utilization of the well known concept of
tensegrity structures is proposed by Knight [2], and significant
improvement to this research work is made by Tibert [3].
A good history of the ‘tensegrity’ structure term, a short
form of ‘Tensile’ and ‘Integrity’ could be found in Motro [14,15].
However, ‘‘A tensegrity system is established when a set of
discontinuous compressive components interacts with a set
of continuous tensile components to define a stable volume
in space’’ [16]. Tensegrity structures may be considered as a
subset of truss structures, a subset of prestressable structures
and a subset of deployable structures. In addition, they may
be considered as the integration of a structural system with a
control system [17]. These features of tensegrity structures have
made them a useful concept for advanced structures.
However, the radiation performance of a parabolic antenna
is devoted to its geometrical accuracy, while the big share of
the antenna mass is devoted to the supporting structure. Most
previous work in this field was focused on the static [18] and
form finding [19] of the antenna as a tension truss and to
improving the surface accuracy [12], while less investigation on
the optimal design of the supporting structure could be found in
the literature. To fill this gap, this paper is an effort to challenge
the design complexity of tensegrity structures as supporting
structures of deployable mesh antennas.
2. Structural concept
There exist various kinds of tensegrity structures; however,
discussions in this regard will be limited to a Hexagonal
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Prismatic Tensegrity Structure (HPTS). A stable basic structure
of this kind (stability analysis and form finding of tensegrity
structures are beyond the scope of this paper) is shown in
Figure 1. In this structure, it is possible to distinguish three kinds
of structural element:
(a) A total of 12 identical ties on upper and lower faces of the
prism,
(b) Six identical ties on the sides of the prism,
(c) Six identical bars.
In this paper, these structural elements are identified with
letters: A, B and C, respectively.
While a tie is in tension, it would be considered as a
bar; therefore, the basic pre-stressed HPTS of interest could
be considered as bar frameworks. The mechanics of bar
frameworks are based on the Maxwell extended rule [20],
which is as stated in Eq. (1):
3j− b− c = m− s. (1)
In this equation, j is the number of joints, b is the number of
bars, c is the number of constrained Degrees of Freedom (DoFs),
m is the number of mechanisms, and s is the number of states
of self-stress in the structure.
The values of j and b are easily counted from the framework
model: j = 12 and b = 24. Here, it is assumed that the an-
tenna is restricted from rigid body motion, therefore, c = 6
is considered. HPTS has one state of self-stress (s = 1) with
only the longest members in compression (i.e. lC ≥ lA and lB;
l: length) [3]. Therefore, Eq. (1) will be used to predict m as:
m = 3(12) − 24 − 6 + 1 = 7. All the seven mechanisms are
infinitesimal and would be removed using prestress, but this
results in a structure with loose rigidity. High-precision appli-
cations require dimensionally accurate structures, i.e. kinemat-
ically determinate structures [3]. Therefore, the geometry and
topology of the structure must be changed according to a rigid-
ifying concept to remove infinitesimal mechanisms.Figure 2: Configuration of added ties for rigidifying basic HPTS.
Rigidifying Concept—Infinitesimal mechanisms of a bar system
can be removed by changing the geometry and/or adding
structural components. Generally, it is safe to change the
geometry and to add components simultaneously [21].
In the case of tensegrity structures in which some elements
(i.e. ties) are unstable in compression, changing geometry only
will result in unstable structures (i.e. ties would slack). In addi-
tion, adding new ties only will remove mechanisms in the ini-
tial (no loading) state, but added ties may be loose with some
load cases. Therefore, here, for removing mechanisms from the
tensegrity structures, both techniques are used simultaneously.
Based on Maxwell’s extended rule, adding 13 ties via 2 new
nodes, while keeping θ = 0 (which imply s = 1), will remove
all mechanisms (i.e.m = 3(12+ 2)− (24+ 13)− 6+ 1 = 0).
In this configuration, two new nodes are inter connected and
lie on the axis of the prism. All nodes of the upper face are
connected to one of these two nodes, and the lower face nodes
are connected to the other (see Figure 2). This configuration is
not practical, because at equilibrium, all addedmemberswill be
unstressed, meaning that they would not be ties.
Twisting the new configuration (i.e. rotating the upper face
relative to the lower face around the axis of the prism in the
direction of lengthening bars, e.g. θ degree) will remove the
existing state of self-stress, i.e. s = 0 [3]. Therefore, the
structure becomes un-determinant, i.e.m = 3(12+ 2)− (24+
13) − 6 + 0 = −1. Omitting the tie which interconnects the
two newly added nodes will result in a statically determinant
structure (m = 3(12+2)−(24+12)−6+0 = 0). This structure
is not prestressed by the internal members, as s = 0, but the
whole structure would be stressed under a couple of opposite
collinear external forces which act on the two newly added
nodes (see Figure 2). This structure is now a rigidified tensegrity
structure, which consists of 36 ties, only 6 bars, and a couple of
collinear forces. Here, the 12 added cables are identified with
the letter D.
With close study of the correlation existing between the
mesh antenna and the resulting rigidified tensegrity structure,
it would be found that the added members and forces have
practical meanings. The 12 ties, which connect vertices to
the center points, would roughly approximate the two mesh
surfaces, and the force couplewouldmodel the effect of tension
ties. Here, tension ties are mechanisms for producing constant
forces. Tibert [3] showed that these added components would
be able to replace the full model of meshes and tension ties.
It is stressed again that this paper is concentrating on the
design of supporting structures; therefore, here, just those
properties of internal elements that affect the supporting
structure are of interest. Therefore, the approximated model
with some assumptions, is adequate for the objectives of this
paper. Here, it is assumed that 12 added ties are tangent to the
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surfaces at the vertices to model the correct direction of forces
on vertices. In addition, the magnitude of the force couple is a
parameter to model the magnitude of forces on vertices.
3. Structural modeling
In this study, the Finite Element Method (FEM) is used to
do the structural analysis. Therefore, it is required to model the
geometry in a preciseway. The corresponding geometry and the
FEM modeling are separately discussed next.
3.1. Geometric modeling
Figure 3 illustrates the geometric parameters on a quarter of
the 2D section of the antenna, where D is the antenna diameter,
H is the antenna overall height, Ho is the antenna depth, ∆H is
the antenna separation, which is the distance between apexes
of parabolic surfaces, and Hp is the distance between the model
apex (newly added nodes) and the corresponding apex of the
parabola. Focal length (F), which characterizes the curvature of
the parabolic surface, is another geometric parameter that is not
explicitly presented in Figure 3. The remaining parameter is the
twist angle (θ), which is the amount of rotation of the upper
face relative to the lower face around the axis of the prism in
the direction of the lengthening bars.
The diameter (D) and focal to diameter ratio (F/D) of the
axisymmetric antenna are two geometric parameterswhich are
provided by the customer. However, the geometry of a twisted
hexagonal prism is identified with three design parameters,
i.e. height (H), outer diameters (D) and the twist angle (θ).
Assuming a cylindrical coordinate system with its origin at
the apex, the axisymmetric parabolic surface of the antenna
could be represented by Eq. (2):
zp = r
2
4F
, (2)
where the z-axis is the axis of symmetry (here subscript p
represents the parabola). Therefore, the parabola depth (Ho) is
calculated by means of Eq. (3):
Ho = |zp|r=D/2 = D
2
16F
. (3)
In addition Hp is found to be equal to Ho. To prove this equality
it is sufficient to draw a tangent line to the parabola at r = D/2
and find the intersection of this linewith the z-axis (r = 0). The
characteristic equation of the line is as explained in Eq. (4):
zL − Ho
r − D/2 = λ, (4)where subscript ‘L’ represents the line and λ is the line slope
value. Tangency λ is equal to the slope of the parabolic surface
at r = D/2 as explained in Eq. (5):
λ =
[
dzp
dr
]
r=D/2
= D
4F
. (5)
Therefore, the intersection point andHp will be found as Eq. (6):
Hp = |zL|r=0 = D
2
16F
. (6)
The minimum separation for antennas similar to AstroMesh is
determined based on the minimum possible length of tension
ties [7]. But for tensegrity supported antennas, the used bars
may intersect the surfaces. The minimum separation to avoid
this intersection is as given in Eq. (7) [3]:
∆H = D
2
8F
cos
π
3
− θ

. (7)
This implies a total height as given in Eq. (8):
H = D
2
8F

1+ cos
π
3
− θ

. (8)
Utilization of a tensegrity structure itself provides the possibil-
ity of a high packing ratio. A higher packing ratio may also be
possible by folding struts. Concepts on structural packing are
not of direct concern here. But without any reduction of gener-
ality, here, minimum separation is considered to calculate H .
Therefore, with assuming θ , and getting D and F/D as input
parameters, the antenna geometry will be fully defined.
Here, it is assumed that the antenna surface is an ideal axi-
symmetric parabola. Calculations in the remainder of this paper
are based on this assumption; to less engage with geometrical
parameters and put more emphasis on the design procedure.
Note that this assumption affects calculations and does not have
a major effect on procedures.
In addition, the effects of off ideal surfaces (e.g. surfaces
constructed from triangular facets) may be considered by
slightly adjusting the position of the model apex on the axis of
symmetry. For of off-axis antennas, the apex will not locate on
the center line, and the forces on the attachment pointsmay not
direct toward a common point. In this case, the forces must be
calculated directly using an appropriate numerical procedure.
More discussion on this subject is left to future work.
3.2. Finite element modeling and analysis
For FEMmodeling and analysis of the structure, it is required
to assign appropriate material properties, element type, and
cross sectional dimensions to the ties and bars. In addition,
proper loading and boundary constraints must be applied.
Material selection is out of the scope of this paper; but
it is assumed that the material has linear elastic behavior
and undergoes small strains in the current application. Also,
integration of the antenna to the satellite bus is assumed to be
beyond the scope of this paper. However, to avoid the rigid body
motion of the structure, it is required to set some appropriate
boundary conditions. Here, six Degrees of Freedom (DoFs) of
the structure are constrained, as shown in Figure 1. These
constraints will not disturb the internal forces.
Here, the truss element will be used to evaluate internal
forces. In addition, each element is evaluated for failures
(i.e. yielding and buckling). The details of analyses and design
of the bars and ties are explained in Appendix.
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Param. Value Description
D 3 m Antenna diameter
F/D 0.4 Focal to diameter ratio
fd 5 Hz Required f
Ea 227.5 GPa Module of elasticity
Syt,yc a 1500 MPa Yield stress
nyt,yc 5 Yielding safety factor
nb 10 Buckling safety factor
tmin 0.5 mm Min. thickness of tubeb
Amin 1 mm2 Min. ties sectional areab
Tmin 1500 N Lower limit of T
a See text.
b See Appendix.
Figure 4: Differences of linear and nonlinear analysis.
It should be checked whether or not it is possible to utilize
conventional linear static analysis to predict internal forces. To
this end, consider a typical HPTS with input data, as given in
Table 1, and the initial twist angle of θ0. It is assumed that the
tension tie force (T ) is slowly increased until PC = −5000 N is
predicted by linear static analysis where PC is the compression
force in bars. Consider this happens at T = T1. Now, the HPTS is
reanalyzed in a non-linear manner (i.e. large deformations) by
loading T = T1. Results for various θ are shown in Figure 4. In
these graphs, TA and TB are tension forces in A and B groups of
ties mentioned before.
Based on Figure 4(a), the forces obtained by nonlinear
analysis is lower than those predicted by linear analysis. This
difference grows as the twist angle, θ , approaches zero.
Now, consider that the final configuration of the HPTS is
known. Then, by formulating HPTS in this state, internal forces
will be exactly predicted by conventional linear static analysis,
since the structure is determinant with no state of self-stress
and the strains are small.
If the design procedure is stated on final configuration,
then after completion of the design, an inverse problem mustbe solved to identify initial configuration (which is used for
the purpose of construction). Here, in analysis and design
procedures, geometry will be stated for the final configuration.
4. Design methodology
The problem is to design a supporting structure of defined
configuration to satisfy the given requirements. The configura-
tion, which was explained in the previous sections, is identified
with the following input parameters:
1. Antenna diameter (D) and focal to diameter ratio (F/D).
2. Selected material properties (E, Sy, ρ).
3. Intended safety factors (nyt , nyc, nb).
4. Practical constraints: minimum wall thickness of tubes
(tmin), minimum cross sectional area of the ties (Amin).
5. Mesh related constraint; lower limit for tension tie (Tmin).
The requirements are:
1. The natural frequency of the structure must be greater than
fd.
2. The overall mass of the structure must be as low as possible.
The task of the design process is to fully define the
supporting structure based on the problem definition. For
full characterization of the supporting structure, the following
output parameters must be identified in addition to the input
parameters:
1. Geometric parameters, which determine vertices positions
and length of structural elements (e.g. F ,H,Ho,∆H,Hp and
θ ),
2. Tie and bar cross sectional properties (e.g. AA, AB, dC and tC ;
see Appendix),
3. The tension tie force (T ).
Here, the output parameters are not independent of one
another. Therefore, it is a critical task to divide them into
master and slave parameters. A slave parameter may be an
explicit or implicit function of the master and the input
parameters. In selecting appropriate parameters as master, it
would be helpful to perform dimensional analyses, study the
parameter relationships, and refer to previous experience and
field knowledge.
It seems that the current problem could be best character-
ized by choosing two master parameters. Since the vertices po-
sitions and, as a result, the lengths of the structural elements are
found to be a unique function of D, F/D and θ (see Section 3.1),
therefore, θ , which is the only output parameter, would be se-
lected as the first master parameter. Another master parameter
must reveal the forces in the system. It seems that from among
the output parameters, T could be the only candidate to fulfill
this job. But, the experience of the authors shows that using this
parameter does not produce clear or useful design charts. In-
stead, utilization of PC reveals more clear results. This outline
may be a result of the following facts:
• According to field knowledge [3], the bar elements of the
structure contribute the most to the overall mass, while the
mass of a bar is controlledwith its internal compressive force
(PC ),
• The values of TA and TB for constant values of PC vary linearly
with a mild slope (see linear part of Figure 4(b) by replacing
θ0 by θ ), while values of internal forces (TA, TB and PC )
versus θ vary in a non-linear manner by more variation (see
Figure 4(b)).
1082 N. Fazli, A. Abedian / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1078–1087Figure 5: Analysis flowchart (a) and full description (b) as a black box.
Therefore, PC would be a useful master parameter, but it
is at the same time a state variable as well, and the problem
solution could not be started with this parameter. Fortunately,
in a linear sense, it is an easy task to estimate a proper value for
T , which could produce the required PC in the bars. Therefore,
in the problem formulation and coding, T will play the main
role as the deriving parameter, but the results will be presented
as a function of PC . Therefore, in the design process, PC will be
treated as a master parameter.
The structural design requires a tool for structural analysis.
This tool accepts the input and master parameters and
calculates all the requested output parameters. The flow chart
of the analysis process, which includes the design of the
individual structural elements, is presented in Figure 5(a).
The first step in this analysis is to construct the geometry
of the structure via equations of Section 3.1. To calculate
the internal forces using FEM, it is required to assign some
temporary values to the cross sectional areas of the elements
and a temporary value to the tension tie force. Here, the results
of FE analysis must be scaled to achieve the required value of
PC . With knowing internal forces, it is possible to design the ties
and bars. Now, the structure is fully defined and it is possible to
calculate its mass and natural frequency.
Itmust be noted that any over-design of the ties and barswill
not produce any accountable improvement in the structural
natural frequency, while this, for sure, will increase overall
mass. Therefore, ties and bars are designed solely for local
requirements.It is possible to regard the analysis procedure of Figure 5(a)
as a black-box of Figure 5(b) whose inputs are master
parameters and whose outputs are structural mass (mass) and
natural frequency (f ). Here, a computer code is composed to do
all these steps and tasks automatically.
Up to now, everything is ready for possible calculation of the
structural mass and frequency for each combination of θ and
PC . What remains to be found is an appropriate combination of
these parameters that satisfies all requirements. Here, there are
two design strategies:
1. Utilizing an optimization technique (e.g. Genetic Algorithm)
to find the optimum point.
2. Sweeping the independent design parameters (i.e. the
master parameters) and composing the output design
charts.
The first strategy is straight forward, but it needs a complete
set of input parameters. However, it does not provide any
knowledge about system sensitivity to changes in parameter.
The second approach may be useful in the initial stages of
design, where the designer can maneuver when selecting some
of the input parameters. However, it is a very time consuming
task to sweep all parameters and extract the appropriate design
charts.
This paper proposes a third strategy. Here, it is possible to
construct approximated design charts (graphs of near optimum
points) in a reasonable time. These charts serve as a valuable
tool for deciding about the region of the design point. Having
this information handy, it will be an easy task to find the
exact optimum in the region using conventional methods of
optimization.
For better understanding of the design process, here, a
realistic design problem will be evaluated in parallel with
a description of the remaining part of this section. Input
parameters are tabulated in Table 1. In this example, similar
materials will be used for bars and ties, and it is assumed
that the selected material has the same properties in tension
and compression, and the properties are in the longitudinal
direction of bars and ties.
For now, let us deactivate the constraint on the lower limit
of T . This constraint will be discussed later.
The present investigation shows that for HPTS, the natural
frequency of the structure increases almost linearly with
log(PC ), while the structural mass increases linearly with PC .
For example, Figure 6 shows variations of f and mass with PC
for θ = 5 deg. According to this figure, PC = −5270 N satisfies
the requirement withmass = 5.72 kg.
In addition, in the present research work it is found that
there is an optimum value for θ at which the natural frequency
finds its maximum value, while mass increases linearly with θ .
This fact is clearly shown in Figure 7 where variations of f and
masswith θ at PC = −5270 N are illustrated.
A close study of the results show that the twist angle (θ) has
aminor effect on natural frequency andmass (see the quantities
of f andm on graphs of Figure 7), while the effect of PC on these
parameters is considered to be major (e.g. compare Figures 6
and 7).
Using the previously mentioned tool and considering the
above results, for fast estimation of the design point (i.e. the
near optimum point), the following steps are recommended to
be adopted:
1. Set θ = θ0, where θ0 is an appropriate constant value, which
is tested to have near optimum results for some samples.
2. Find minimum PC in which f ≥ fd. Call it PC0.
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Figure 7: Variation of f andmasswith θ at PC = 5270 N.
A combination of θ = θ0 and PC = PC0 gives the near
optimum point, but it is possible to search around this point,
numerically or graphically, to find the exact optimum and
evaluate the design sensitivity to the parameters. For example,Figure 8: Contours of f andmass near approximated optimum point.
Figure 9: Contours of constant T (see text).
Figure 8 shows the contours of f = f (θ, PC ) and mass =
mass(θ, PC ) around the calculated point. At the optimumpoints,
the two contoursmust be tangent. This graph shows that for the
considered example, the fast estimated point is very close to the
exact optimum point and the design has a low sensitivity to the
design parameters in the neighborhood of the estimated point.
Now, it is time to consider the omitted constraint (T ≥
Tmin). There are two conditions, either the previously obtained
optimum point satisfies this new constraint or violates it; from
which, obviously, the second condition needs to be discussed.
If T ≥ Tmin is an active constraint, it is possible to say that
T = Tmin. Therefore, θ is what remains to size to acquire f ≥ fd.
This is easily possible by using a graph similar to that shown in
Figure 9 for the sample problem.
For a constant value of T , f decreases by θ . It means that
T ≥ Tmin makes a constraint on the lower limit of θ . For the
sample problem (Table 1), at optimum point (θ ≃ 5 deg), the
constraint (T ≥ 1500 N) is satisfied marginally (point 1 on
Figure 9). If the required f is bigger than 5 Hz, a design on
optimum twist is yet possible (e.g. point 2 for fd = 5.5Hz). But if
the required f is 4 Hz, then θ will not be less than 10 deg (point
3). Note for the last case that Figure 9 does not show that the
point is optimum. However, by using the design chart (which is
introduced next), it will be illustrated that this point is also an
optimum point (lowest mass) by the active constraint.
5. Design chart
The design problem may be regarded as a multi-objective
optimization problem in which minimization of the mass and
1084 N. Fazli, A. Abedian / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1078–1087Figure 10: Design chart (see text).
maximization of the natural frequency are the objectives. This
approach is of special interest when intended natural frequency is
not an input parameter. Constructing an exact Pareto-optimum
graph is a time consuming task. But an approximate graph
would be obtainable according to the third strategy introduced
in this research work.
Here, there are two governing functions: f = f (θ, PC )
and mass = mass(θ, PC ). If θ is fixed (e.g. θ = θ0) and
PC is omitted between the two functions, then one would
find a relationship between the natural frequency and the
corresponding minimum mass of the structures. This graph
approximates the Pareto-optimum graph. The results of the
current investigation show that this relationship ismulti-linear,
as shown in Figure 10, for the example problem.
In Figure 10, the dotted lines are graphs of f vs. mass in
constant values of θ (e.g. θ = 2, 5, 16 deg here), while the
solid lines are graphs of f vs. mass in constant values of PC
(e.g. PC = 10, . . . , 30 000 N). Figure 10 emphasizes that the
effect of PC on the results is major, while it is minor for θ . Based
on this figure, the exact Pareto-optimum curve is a collection
of the most upper points (opt. locus). Also, from Figure 10, it
may be concluded that the curves of constant θ have the same
trend as the Pareto-optimum curve. Therefore, if θ = θ0 reveals
an optimum design for a sample problem, this value of θ may
be used to predict near optimum design points for many cases
with the same input parameters but with different values of PC .
On the design chart, the locus of T = Tmin = 1500 N (T
locus) is also plotted, which outlines some interesting features.
The values of f increase monotonically by mass as θ decreases
(i.e. from 16 deg to 2 deg). There is a point at which T locus
touches opt. locus atwhich each of them (opt. locus and T locus)
are divided into two paths. Based on Figure 9, from a lower part
of the paths (i.e. from θmax down to θopt ), T locus governs the
design, while in the upper part, opt. locus is applicable. Note
that T locus restricts the lower limit of θ , so below the touch
point, the left side is infeasible, while on the upper part, the
right side is infeasible.
Based on Figure 10, the multi-linear characteristic of the
design chart reveals some important design recommendations.
Here, each linear part corresponds to some active constraints.
In the first linear part, i.e. the low mass region, f increases
with almost no increase in the mass amount. It is because
for very low amounts of PC , all the structural elements are in
their minimum possible dimensions. This fact would be clearly
concluded from Figure 11 where non dimensional values of
the design parameters are plotted versus PC . This figure shows
that up to some small value of PC , all the parameters are
almost constant. With any increase in PC , some parametersFigure 11: Variation of structural parameters with PC .
(i.e. d, AA, AB and AC ) would not preserve theirminimumvalues.
Therefore, the mass of the structure increases as the cost of an
increase in PC , and hence does f . In the second linear part of the
chart, the thickness of the hollow bars is almost at its minimum
value.Withmore increase in PC , this minimum value would not
suit the design (see Figure 11) and it begins to rise up to the
point where the third linear part of the design chart is started.
6. Optimization
Here, the optimization problem is stated as follows:
Minimize:mass(θ, PC )
Subject to: f (θ, PC ) = fd
Under basic constraints of Eqs. (8) and (A.7)–(A.9) in Appendix.
This multi-variable optimization problem may be solved
by well known methods, but, here, a specific procedure will
be introduced based on the proposed design procedure. This
procedure is outlined in Figure 12.
Optimization begins with selecting an arbitrary but possible
value for θ (i.e. θ0). Then, the problem is solved to find a value for
PC , which produces fd, say, PC0. Now, the procedure is at point 1
i.e., (m0, fd) of Figure 12(a).
The second step is to find a direction toward the locus of
the optimum point. By surveying Figure 10, one would find
that the lines of constant θ are almost parallel to the Pareto-
optimum curve. Therefore, the direction perpendicular to the
curve of θ = cte. at the current point is an appropriate direction.
Therefore, optimization will be continued with the following
single variable sub-optimization problem:
Maximize: f (θ, PC ) cos(α)−m(θ, PC ) sin(α)
Subject to: PC = PC0
Under the basic constraints of Eqs. (8) and (A.7)–(A.9) in
Appendix,
wherem ≡ mass and α is:
α = arctan

∂ f /∂PC
∂m/∂PC
 
PC=PC0
, θ = θ0. (9)
Now, the process is at point 2, i.e. (m1, f1) of Figure 12(a) with
θ = θ1. If θ1 is sufficiently close to the θ0, then the procedure
is now at the optimum point, otherwise the procedure must
be repeated with the new value of θ till the optimum point
(i.e. point 3) is found.
The most optimum design for the input parameters of
Table 1 is as tabulated in Table 2. The results are very close to
those obtained in the design procedure.
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(b) flowchart.
Table 2: Results for the numerical example.
Param. Value Param. Value
f 5.00 Hz mass 5.719 kg
θ 4.8 deg. H 1.47 m
TA 2359 N AA 7.86e−6 m2
TB 3440 N AB 11.47e−6 m2
PC −5286 N AC 162.5e−6 m2
d 103 mm t 0.5e−3 m
Table 3: Design results for various fd .
fd (Hz) θopt (deg.) mass (kg) −PC (kN)
3 4.32 3.01 0.935
4 4.34 4.27 2.49
5 4.80 5.72 5.28
6 5.66 12.5 16.6
7 5.78 29.0 53.0
7. Some more examples
Consideration of all possible conditions may not be possible
and would not be beneficial. But to elaborate on the results,
some more numerical examples are presented. In the first set
of examples, the objective is to study the effect of the intended
minimum natural frequency (fd) on the final design. Except
fd, other input parameters are as tabulated in Table 1. Also,Table 4: Design results for various F/D.
F/D θopt (deg.) mass (kg) −PC (kN)
0.2 3.37 141 268
0.3 4.34 15.2 18.4
0.4 4.80 5.72 5.29
0.6 7.27 4.00 3.49
0.8 9.72 3.51 2.02
the results are tabulated in Table 3. The proposed design and
optimization procedure perfectly converges for all these cases.
From this table, it is concluded that by increasing the intended
value for fd, the optimum value of θ increases slightly, while
a rapid increase in the mass of the structure is seen (about
10 times from fd = 3 to 7), while the internal forces grow
with higher rates. This implies that θopt is less sensitive to the
intended natural frequency (fd).
In the second set of examples, effects of F/D on the final
designs are considered. The results are tabulated in Table 4.
Here, F/D has a considerable effect on the optimum value of
θ , but the proposedmethod converges for these case studies. In
other words, though the initial guess for θ was far from the θopt ,
the procedure converged to the optimum point in a few steps.
8. Summary and conclusions
The promising potential of mesh-like antennas has provided
a big possibility to reduce the packed volume of micro-satellite
antennas. However, it is not completely suitable for such an
application because of its supporting structure. To solve the
problem, HPTS has been proposed by some researchers.
Basic HPTS do not possess sufficient rigidity to be used in
high precision structures. This shortcoming is eliminated by
the use of a rigidifying concept. As a result, 12 cables (which
reveal surfacemeshes) and a force couple (which reveal tension
ties) are introduced to HPTS. The new nodes are located so as
to model the correct direction of the forces on the supporting
structure.
To reduce design complexity, the elemental design is
distinguished from the overall design. The elemental design is
embedded in the analysis procedure. Therefore, the number
of unknown parameters to design (in the main procedure) is
significantly reduced. In Appendix a great deal of effort is made
to present a relatively complete preparation for the elemental
design.
While the general layout of the structure and the roles of
the elements are identified, the remaining task is to size the
design parameters. In initial stages of design, where complete
input parameters are unavailable, some wide range design
charts would be useful tools. However, in the final stages,
optimization techniqueswould bemore helpful. However, here,
an approximated method for fast estimation of design points
and construction of design charts is proposed. A designer could
use these charts for design study and consequent compromises.
After identifying the region of interest, it would be an easy task
to find the exact optimum point, graphically or numerically.
The proposed design flow consists of rigidifying, locating
real apexes for minimum separation, locating model apexes
to model the direction of forces, selecting master parameters,
fixing the master parameter with minor effects, constructing
charts of approximation, deciding on the design region and
finally searching for the exact optimum.
Special characteristics of the design problem made it
possible to introduce a specialized optimization procedure.
1086 N. Fazli, A. Abedian / Scientia Iranica, Transactions B: Mechanical Engineering 18 (2011) 1078–1087Finally, some extra numerical examples are provided to
emphasize the applicability of the proposed procedures and
outline some design trends.
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Appendix. Bar and tie analysis and design
A bar is a structural element designed to resist compressive
force. A bar is subjected to two failure criteria:material instabil-
ity (yielding), and shape instability (buckling). These instabili-
ties are not independent. One strategy is to be far enough from
critical loads using appropriate safety factors (i.e. nyc and nb for
compressive yielding and buckling, respectively).
Here, it is assumed that the bar under design is a tube with
mean diameter of d andwall thickness of t . So its cross sectional
area is A = π · t · d and its radius of gyration is rG =
√
2d/4.
To prevent the bar from yielding, the cross sectional area
must be more than a minimum value as stated with Eq. (A.1):
|nycPC |
A
< |Syc | ⇒ t · d > 1
π
nycPCSyc
 , (A.1)
where Syc is the material yielding stress in compression.
Buckling instability may occur in various forms that depend
on values of L/d and d/t . The surface of a short cylinder buckles
like an infinitely wide plate. Long cylinders buckle into a series
of diamond shaped bulges, while longer cylinders buckle as
Euler columns [22].
The bars of the current study are longer than those
considered as a short cylinder. To avoid diamond shapebuckling
and Euler buckling, design requirements are as Eqs. (A.2) and
(A.3), respectively:
|nbPC |
A
<
2CE
d/t
⇒ t2 > |nbPC |
2πCE
, (A.2)
|nbPC |
A
<
π2E
(L/rG)2
⇒ d3.t > 8L
2
π3E
|nbPC |, (A.3)
where C is a constant, which will be discussed later.
Diamond shaped buckling and Euler buckling do not occur
simultaneously, but both are checked for confirmation. In
addition, the ideal optimum point is at the transition point in
which (L/d)2/(d/t) = π2/(16C).
In addition to failure constraints, there are other constraints
which come from practical consideration. It is not practical to
construct bars with very thin thicknesses, so:
t ≥ tmin. (A.4)
It will be found that this criterion has a strong effect on the final
design.
Another consideration is regarding bar precision, which
limits the possible maximum value for bar slenderness (L/rG).
This reduces as a constraint on theminimum value of d as in Eq.
(A.5):
L/rG ≥ (L/rG)max ⇒ d ≥ 2
√
2L
(L/rG)max
. (A.5)
Discussion about the origin of (L/rG)max is beyond the scope of
this study. The constant value of (L/rG)max = 200, which wasused by Hedgepeth et al. [23] and accepted by Tibert [3] for a
similar order of length and the same material, is used here.
The objective function for a bar design is weight minimiza-
tion. This objective for the problem of pre-determined material
is reduced to volume minimization. Omitting constant param-
eters, the objective function is reduced to Eq. (A.6):
Objective:minimize (t · d). (A.6)
Using this objective function (Eq. (A.6)) and the constraints (Eqs.
(A.1)–(A.4)), the design problem is ready to solve. The design
process will be as follows:
1. Determine theminimum possible value for bar thickness (t)
using constraint Eqs. (A.2) and (A.4). Assign this value to t:
t = max

tmin,
 |nbPC |
2πCE

. (A.7)
2. Determine theminimum possible value for bar diameter (d)
using constraint Eqs. (A.1), (A.3) and (A.5) and the assigned
value for t . Assign this value to d:
d = max

1
π t
nycPCSyc
 , 3

8L2
π3Et
|nbPC |, 2
√
2L
(L/rG)max

. (A.8)
3. Now, the design is complete.
This sequence inherently minimizes the objective (t · d),
because the minimum possible values for d and t are selected.
For mesh antenna application, generally, tmin is sufficiently
thick to prevent bars from diamond shape buckling. While:
nycπ2E
8nbSyc
<

L
d
2
< 2
√
2

L
rG
3
max
|nbPC |
π3Et
,
Euler buckling is more restrictive than the other two con-
straints; which is generally the case for mesh antennas.
The theoretical value for parameter C , which assumes
perfect geometry, is 1/

3(1− ν2). Considerable research
has been conducted to determine realistic values of C .
Plantema [24] suggested the constant value of C = 0.169 for
manufactured or fabricated bars, based on tests that assume
the out-of-roundness limit of 1%. More discussion about this
constant is beyond the scope of this paper, and because Eq. (A.2)
is not a critical constraint here, the conservative value of C =
0.169 is used throughout the paper.
As for the bars, a tie is designed to resist a tensile force (e.g. TX
where: X = A, B, or D). Therefore, the tie must be protected
from tensile yielding (Syt). This imposes a constraint on the
minimum value of the cross sectional area of the tie (AX ≥
nytTX/Syt). In addition, because of practical considerations, each
cross sectional areawould not be smaller than some small value
(i.e. AX ≥ Amin). Finally, Eq. (A.7) may be used to assign a proper
value to the cross sectional area of the tie:
AX = min

nytTX
Syt
, Amin

. (A.9)
Itmay be noticeable that fatigue behavior is not intended in this
paper.
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